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Abstract 

Catalyst  materials  in  form  of  inks,  as  half-MEAs  and  inside  a  polymer  electrolyte  membrane  unit  cell  were  characterized  by  cyclic 
voltammetry.  Laboratory  made  Pt  inks  were  modified  with  Ru,  Os  and  Ru  +  Ir  and  the  methanol  oxidation  activity  of  the  created  surfaces  was 
tested.  A  novel  electrode,  which  enables  the  study  of  the  oxygen  reduction  reaction  on  the  cathode  was  introduced.  With  the  measuring  device 
it  was  possible  to  vary  the  oxygen  content  on  the  ink  side  and  the  proton  activity  of  the  electrolyte  on  the  membrane  side  of  a  half-MEA. 
Catalyst  layers  based  on  Pt,  Pt-Ru  and  Pt-Co  inside  a  PEM-unit  cell  were  also  characterized  in  situ  by  cyclic  voltammetry.  The  active  surface 
areas  were  found  to  be  linearly  dependent  on  the  Pt  mass  density  in  the  catalyst  layers.  Approximately  30%  of  the  Pt  loading  in  the  MEAs  were 
electroactive. 
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1.  Introduction 

Cyclic  voltammetry  is  a  commonly  used  technique  for  the 
study  of  surface  processes  and  has  been  used  in  several 
investigations  on  catalyst  materials  based  on  Pt.  Cyclic 
voltammetry  enables,  for  example,  comparison  of  elec- 
trocatalytic  properties  of  Pt  catalysts  manufactured  or 
pre-treated  in  different  ways.  In  low  temperature  polymer 
electrolyte  membrane  fuel  cells  (PEMFC)  nano-sized  Pt 
particles  supported  on  high  surface  area  carbon  is  the  most 
frequently  used  electrocatalyst  on  both  the  anode  and  the 
cathode  side.  Cyclic  voltammetry  also  provides  the  ability  to 
determine  the  active  surface  area  of  Pt  catalysts.  Several 
studies  on  this  subject  have  been  made  for  Pt  nanoparticles 
on  different  supports.  Pt/C  water  suspensions  [1]  and  Pt  inks 
[2,3]  have  been  deposited  onto  glassy  carbon  (GC)  electro¬ 
des.  GC  has  also  been  used  as  the  support  for  vacuum 
evaporated  Pt.  [4-6].  In  other  studies,  Au  has  been  used 
as  the  support  material  for  colloidal  Pt  and  Pt/C  suspensions 
[7,8]  as  well  as  for  Pt  hydrosols  [9].  In  one  study  [10],  Pt 
particles  were  directly  formed  by  electrochemical  reduction 
onto  a  Nafion  117  membrane  whereas  in  another  study  [11], 
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Pt  was  both  electrolessly  and  electrochemically  applied  onto 
highly  oriented  pyrolytic  graphite.  In  a  recent  study  [12] 
again,  Pt  black  was  hand-pressed  onto  a  surface  consisting  of 
graphite-beeswax  sticky  carbon.  The  well-known  anode 
deactivation  due  to  adsorbed  CO,  when  reformed  hydrogen 
or  methanol  is  used  as  fuel,  has  encouraged  to  extensive 
research  on  alternative  catalysts,  which  have  better  CO 
tolerance  than  pure  Pt.  Pt  has  been  alloyed  with  different 
admetals  such  as  Ru  and  Os  [13-15],  which  provide  surface 
oxygen  at  lower  potentials  than  Pt  does  for  the  oxidative 
removal  of  the  adsorbed  CO.  Ir  has  also  been  used  in  the 
metal  alloys.  Ir  is  known  to  modify  the  C-H  bond  in  the 
methanol  molecule  and  thus  enables  its  dehydrogenation 
[13].  The  major  potential  losses  in  a  PEMFC  are  due  to  the 
sluggish  oxygen  reduction  reaction  (ORR)  on  the  cathode. 
Several  hydrodynamic  studies  on  the  ORR  kinetics  can  be 
found.  The  investigations  have  been  made  with  different 
types  of  electrodes  such  as  Pt/C  powders  [16]  or  Pt  nano¬ 
particles  [17]  in  Nafion  films,  Nafion  coated  Au  electrodes 
[18]  or  GC  electrodes  [19]  and  Pt/C  on  GC  [20].  The  Pt 
particle  size  effect  on  the  ORR  in  0.5  M  H2S04  has  also  been 
studied  [21].  In  the  study,  the  optimal  size  for  Pt  particles 
supported  on  carbon  was  determined  to  be  3.5  nm.  The 
structure  sensitivity  of  the  ORR  was  again  studied  by  Perez 
et  al.  [22]  by  a  hanging  meniscus  rotating  disc  technique. 
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In  the  study  they  used  Pt  single  crystal  electrodes  in  both 
H2S04  and  HC104  electrolytes.  They  found  that  the  (1  1  0) 
surface  was  the  most  active  one  in  both  electrolytes  followed 
by  the  (1  1  1)  and  (10  0)  surfaces  in  H2S04  whereas  the 
order  was  the  opposite  in  the  HC104  case.  Moreover,  the 
effect  of  the  presence  of  chloride  ions  on  the  ORR  has  also 
been  investigated  by  using  both  polycrystalline  Pt  [23]  and 
Pt  single  crystal  electrodes  [23,24].  It  has  also  been  reported 
that  the  catalytic  activity  towards  the  ORR  can  be  improved 
by  alloying  Pt  with  base  metals  [25]  such  as  Co,  Cr,  Fe  and 
Ni  [26-28].  In  the  present  work,  fuel  cell  catalyst  materials 
have  been  characterized  by  cyclic  voltammetry.  Laboratory 
made  Pt  catalyst  inks  were  electrochemically  modified  with 
Ru,  Os  and  Ru  +  Ir.  The  methanol  oxidation  activity  of  the 
created  surfaces  was  also  tested.  A  novel  electrode  is 
introduced  which  enables  the  study  of  the  cathode  side  in 
such  a  way  that  both  the  oxygen  content  and  the  proton 
activity  of  the  electrolyte  can  be  varied.  In  situ  cyclic 
voltammetry  measurements  were  also  made  in  a  single  fuel 
cell  test-fixture  to  assess  active  catalyst  surface  areas  in 
ME  As  based  on  Pt,  Pt-Ru  and  Pt-Co. 


2.  Experimental 

2.7.  Preparation  of  Pt/C  and  Pt-Co/C  electrocatalysts 

Catalyst  powders  were  prepared  by  reducing  PtCl2  and 
CoCl2  metal  salts  [29] .  Hydrotriorganoborates  were  used  in 
the  synthesis  to  facilitate  the  formation  of  nano- sized 
powders.  The  metal  salt  was  dissolved  in  tetrahydrofurane 
(THF)  after  which  the  carbon  carrier  material  (Vulcan 
XC72,  E-TEK)  was  added  to  the  solution.  LiB(C2H5)3H 
(1  M  in  THF)  was  then  added  slowly  to  the  solution  at  60  °C. 
After  a  16-20  h  sedimentation,  the  solution  was  removed. 
The  powder  was  consecutively  washed  with  THF,  ethanol, 
THF,  and  pentane.  The  prepared  Pt/C  catalyst  powder  was 
characterized  by  XRD  powder  diffraction  (Philips  X’Pert) 
using  a  Mo  Ka  radiation  source.  The  average  Pt  particle  size 
was  determined  from  line  broadening  as  4. 5-5. 5  nm.  The  Pt 
content  in  the  powder  was  20%.  The  prepared  Pt-Co  (1:1) 
catalyst  was  characterized  for  particle  morphology  and 
elemental  composition  using  transmission  electron  micro¬ 
scopy  (TEM,  Philips  CM200  FEG/scanning  transmission 
electron  microscopy  (STEM))  and  scanning  transmission 
electron  microscopy  coupled  with  energy  dispersive  X-ray 
emission  spectroscopy  (EDS).  The  Pt-Co  particles  were 
crystalline  and  according  to  STEM/EDS  elemental  point 
and  high  magnification  (1000k— 2000k  x)  mapping  ana¬ 
lyses,  the  majority  of  the  particles  were  composed  of  Pt 
and  Co.  The  particle  size  was  about  2-3  nm  and  the  metal 
content  in  the  powder  was  20%.  The  laboratory  made  Pt/C 
catalyst  powder  was  made  into  an  ink  by  mixing  500  pi 
Nation  solution  and  4.4  mg  of  the  catalyst  powder  in  an 
ultrasonic  bath  for  30  min.  A  Pt-Co  catalyst  ink  was  made  as 
follows:  the  laboratory  made  catalyst  powder  was  mixed  for 


4  h  with  5%  Nation  solution  (in  methanol)  in  an  ultrasonic 
bath.  Tetrabutylammonium  hydroxide  (TBAOH)  was  then 
added  to  the  mixture  which  was  stirred  continuously  for 
several  hours.  The  ink  was  then  conditioned  to  proper 
consistency  by  adding  H20  and  glycerol  [30].  For  the 
half-MEA  measurements  a  catalyst  layer  was  prepared  by 
coating  a  Nation  117  membrane  with  Pt  ink  [31].  The  ink 
was  prepared  by  the  method  described  above  but  using 
a  commercial  Pt/C  powder  (E-TEK  20%  Pt  on  Vulcan 
XC-72R,  average  Pt  particle  size  of  2.5  nm,  112m2g_1 
Pt  surface  area).  The  membrane  was  pre-treated  by  boiling 
for  1  h  in  5%  H202.  After  rinsing,  the  membrane  was 
consecutively  boiled  for  1  h  in  0.5  M  H2S04,  H20  and 
0.5  M  NaOH.  The  membrane  was  then  rinsed  and  left  to 
stand  in  water  before  spreading  the  catalytic  layer.  The  ink- 
coated  membrane  was  then  dried  and  heat-treated.  Scanning 
electron  microscopy  photographs  showed  that  a  porous  layer 
consisting  of  Pt/C  particles  was  formed.  Before  the  experi¬ 
ments,  the  half-MEA  was  boiled  in  0.5  M  H2S04.  In  single 
fuel  cell  catalyst  characterization,  MEAs  consisting  of 
catalyst  inks  based  on  Pt/C  (E-TEK),  Pt-Ru/C  (E-TEK) 
and  Pt-Co/C  (laboratory  made)  were  used.  The  MEAs  were 
prepared  in  the  same  way  as  the  half-MEAs  but  spraying  ink 
on  both  sides  of  Nation  115  and  117  membranes. 

2.2.  Characterization  of  electrocatalysts 

The  characterization  and  modification  of  the  laboratory 
made  Pt  ink  based  on  Nation  was  carried  out  with  an 
impinging  jet  flow  cell  [32].  Approximately  1  pi  of  ink 
was  spin-coated  onto  an  Au  electrode  of  3  mm  in  diameter 
and  dried  under  an  IR-lamp  for  15  min.  The  typical  mass  of 
the  ink  was  400  pg  corresponding  to  a  Pt  loading  of 
approximately  1  mg  cm-2.  The  ink  was  modified  by  elec- 
trodepositing  Ru  (Aldrich,  10_4M),  Os  (Acros,  10_4M) 
and  both  Ru  and  Ir  (Aldrich,  10-4  M)  at  0.2  V  using  various 
deposition  times.  The  admetal  containing  solutions  were 
made  by  dissolving  the  corresponding  metal  salt  in  0.5  M 
H2S04  electrolyte  (Merck,  suprapur,  Millipore  MilliQ 
water).  The  effect  of  the  modification  on  oxidation  of 
0.6  M  (in  0.5  M  H2S04  electrolyte)  methanol  solution 
(Baker)  was  tested  at  0.6  V.  The  containers  for  both  the 
electrolyte  and  electrolyte  containing  admetals  were 
bubbled  with  Ar  (99.998%)  before  the  experiment  in  order 
to  remove  any  oxygen.  All  potentials  were  determined 
against  a  reversible  hydrogen  electrode.  In  order  to  be  able 
to  measure  and  quantify  the  parameters  affecting  the  active 
surface  area  of  the  catalyst  on  the  cathode  side,  a  novel 
electrode  was  designed  that  enables  measuring  of  the  half- 
MEA  (13  mm  in  diameter)  in  such  a  way  that  the  oxygen 
content  on  the  ink  side  of  the  half-MEA  can  be  varied  and 
correspondingly  also  the  proton  activity  of  the  electrolyte 
impinging  onto  the  Nation  side  of  the  half-MEA  can  be 
adjusted.  The  set-up  presented  in  Fig.  1A  is  made  up  of  a 
half-MEA  that  is  pressed  between  a  gas-diffuser  plate  made 
of  Au  (fitted  inside  the  electrode  housing)  and  a  support  ring 
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Fig.  1.  (A)  Schematic  presentation  of  a  measuring  device  for  half-MEA  investigation.  The  main  components  are  described  in  the  picture.  (B)  Set-up  of  a 
measuring  system  for  in  situ  determination  of  the  active  catalyst  surface  area  inside  a  PEM-unit  cell. 


made  out  of  Teflon.  In  this  way,  a  connection  can  be  made 
that  prevents  the  leaking  of  electrolyte  into  the  back  (gas)- 
side  of  the  half-MEA  without  the  risk  of  damaging  it.  As 
seen  from  Fig.  1  A,  the  half-MEA  is  in  contact  with  the  gold 
diffuser  plate  through  porous  graphite  felt  to  ensure  an  even 
gas  distribution.  A  gold  wire  is  attached  to  the  diffuser  plate 
connecting  the  MEA  with  the  potentiostat.  An  02/N2  mix¬ 
ture  is  fed  through  the  graphite  felt  into  the  catalyst  structure, 
and  its  ratio  can  be  adjusted  for  instance  by  adjusting  the 
rotation  speeds  of  the  peristaltic  gas-feeding  pumps.  Cata¬ 
lyst  layers  in  a  single  fuel  cell  test-fixture  were  also  char¬ 
acterized  in  situ  by  cyclic  voltammetry.  The  electrode  area  in 
the  unit  cell  was  5  cm2.  The  measurements  were  based  on  a 
two-electrode  arrangement  [33].  Fig.  IB  illustrates  the 
schematic  of  the  set-up.  One  of  the  electrodes  was  flushed 
with  H2  (99.9990%)  flow  and  acted  as  the  reference  elec¬ 
trode  whereas  N2  (99.99990%)  was  allowed  to  flow  on  the 
measuring  electrode.  Prior  to  the  characterization  the  gases 


were  humidified  at  atmospheric  pressure  in  gas  washing 
bottles  with  fine  sinters  placed  in  a  water  bath  and  piped  to 
the  electrodes  via  gas  channels  of  graphite  plates.  The 
current  densities  are  given  with  respect  to  the  geometric 
area  of  the  characterized  electrodes. 


3.  Results  and  discussion 

3.1.  Continuous  oxidation  of  methanol  on 
modified  Pt  ink  electrodes 

The  Au  electrode  spin-coated  with  laboratory  made  Pt  ink 
was  put  into  the  electrochemical  impinging  jet  flow  cell 
and  a  hanging  meniscus  configuration  was  established.  The 
electrode  surface  was  cleansed  by  sweeping  the  potential 
between  0.05  and  1.35  V  at  0.025  V  s-1  until  a  stable 
voltammogram  was  obtained.  The  upper  potential  was 
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Fig.  2.  Inset :  Voltammogram  obtained  on  Nafion  based  Pt  ink  at  0.01  V  s-1  in  0.5  M  H2S04.  Main  figure:  Current-time  curves  at  0.6  V  in  0.6  M  methanol 
solution  (in  0.5  M  H2S04)  for  laboratory  made  Pt  inks  modified  with  different  admetals.  (A)  pure  Pt  ink,  (B)  Pt  ink  +  90  s  Os,  (C)  Pt  ink  +  90  s  Ru,  (D)  Pt 
ink  +  90  s  Ru  +  30  s  Ir.  The  metal  adlayers  were  created  by  electrodepositing  at  0.2  V  in  0.5  M  H2S04  electrolytes  containing  10-4  M  RuC13,  OsCl3  and 
IrCl3. 


chosen  as  1.35  V  to  avoid  getting  any  contribution  from  the 
oxidation  of  the  Au  substrate  in  the  recorded  voltammo- 
grams.  The  end  potential  was  then  changed  to  0.6  V  and  the 
potential  sweeping  was  continued  until  a  stable  Pt  voltam¬ 
mogram  was  obtained.  In  the  inset  of  Fig.  2,  the  Pt  ink 
voltammetry  is  depicted.  As  seen  the  hydrogen  peaks  of  the 
Pt  crystallites  are  not  well-defined.  One  explanation  could  be 
that  features  of  the  carbon  support  mask  the  hydrogen 
desorption  characteristics  of  Pt  [34] .  The  Pt  ink  was  mod¬ 
ified  with  Ru,  Os  and  consecutively  with  both  Ru  and  Ir  by  in 
situ  electroreduction  at  0.2  V.  By  a  computer  controlled 
rotating  valve  it  was  possible  to  select  the  wanted  admetal 
dose,  which  was  then  transported  by  the  carrier  electrolyte 
(0.5  M  H2S04)  to  the  ink  electrode.  The  effect  of  the  admetal 
deposition  on  the  ink  base  voltammetry  was  not  as  pro¬ 
nounced  as  when  modifying  Pt-bead  electrodes  with  Ru  and 
Os  [35,36].  For  example,  there  could  hardly  be  observed  any 
decrease  in  the  hydrogen  activity  in  the  potential  region 
between  0.05  and  0.3  V.  When  long  dosing  times  were  used 


(>30  s),  the  hydrogen  activity  even  increased.  This  could 
probably  be  explained  by  the  fact  that  the  admetals  might 
deposit  onto  the  carbon  or  in  the  Nafion  matrix  instead  of 
onto  the  Pt  crystallites.  The  hydrogen  activity  is  thus 
increased  since  both  Ru  and  Os  are  also  active  towards 
hydrogen  to  some  extent  in  this  potential  interval  [36,37]. 
Despite  these  deposition  characteristics,  the  admetal  mod¬ 
ification  had  a  positive  effect  on  the  poisoning  rate  of  the  Pt 
surface  during  methanol  oxidation  as  shown  below.  Metha¬ 
nol  oxidation  experiments  were  carried  out  on  the  created 
catalyst  surfaces  at  0.6  V  in  0.6  M  methanol  flow  for  30  min. 
After  each  oxidation  experiment  the  admetal  layer  was 
stripped  from  the  surface  by  10  potential  excursions  up  to 
1.35  V.  The  electrochemical  cell  was  also  rinsed  with  elec¬ 
trolyte  between  the  experiments.  In  Fig.  2,  the  obtained 
current-time  curves  are  shown  for  some  of  the  modified  Pt 
ink  surfaces.  The  currents  depicted  in  this  figure  were 
obtained  on  Pt  ink  surfaces  modified  with  Ru  and  Os  doses 
of  90  s  duration.  Ir  was  dosed  for  30  s  onto  a  Ru  modified  Pt 
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ink.  As  a  comparison,  the  current  measured  using  pure  Pt  ink 
is  also  depicted.  As  seen  the  modified  Pt  inks  possess  higher 
methanol  oxidation  rates  than  the  pure  Pt  ink.  The  highest 
activity  towards  methanol  oxidation  is  obtained  with  a  Pt  ink 
modified  with  both  Ru  and  Ir.  The  Os  modified  ink  shows  the 
lowest  methanol  oxidation  activity  of  the  surfaces  tested. 

3.2.  Half -ME A  characterization  of  the  ORR  on 
the  cathode  side 

The  test  electrode  introduced  in  Section  2  was  used  in  the 
set  of  experiments  described  below.  A  half-MEA  consisting 
of  a  membrane  (Nation  117)  with  Pt  catalyst  ink  (0.36  mg 
Pt  cm-2,  E-TEK)  on  its  one  side,  the  other  one  being  in  its 
genuine  state,  was  used  as  the  working  electrode.  The 
cathode  characteristics  were  investigated  by  immersing 
the  measuring  electrode  into  the  impinging  jet  flow  system 
and  a  hanging  meniscus  configuration  was  established.  The 
electrode  potential  was  then  swept  between  0.05  and  0.6  Vat 
0.01  V  s-1.  In  Fig.  3,  curve  A  shows  the  stable  Pt  base 
voltammetry  in  0.5  M  H2S04  of  the  half-MEA.  The  catalyst 
surface  was  cleansed  by  flushing  CO  [38]  into  the  ink  side  of 
the  half-MEA  for  3  min  (CO  flow  of  5  ml  min-1),  after 
which  the  electrode  was  flushed  with  N2  for  10  min  (N2  flow 
of  8  ml  min-1).  The  adsorbed  CO  was  then  removed  from 
the  surface  by  a  single  potential  sweep  up  to  1 . 1  V.  Curve  B  in 
Fig.  3  depicts  the  Pt  voltammetry  after  the  cleansing  proce¬ 
dure.  As  seen,  the  charge  in  the  potential  interval  between 
0.05  and  0.3  V  has  increased  indicating  a  removal  of  impu¬ 
rities  present  in  the  ink.  The  electroactive  Pt  surface  area 
after  the  CO  cleansing  was  determined  to  100  cm2  mg-1  Pt, 


assuming  that  200  pC  is  consumed  per  cm2  surface  Pt.  The 
electrolyte  concentration  was  changed  to  10  mM  by  choosing 
the  proper  electrolyte  flow  by  the  rotating  valve.  The  02  flow 
used  on  the  ink  side  of  the  electrode  was  established  to 
4  ml  min-1.  The  ORR  was  carried  out  chronoamperometri- 
cally  by  increasing  the  electrode  potential  in  steps  of  0.005  V 
from  0.960  to  1.010  V.  At  every  step  the  system  was  allowed 
enough  time  to  reach  its  steady  state  current.  In  Fig.  4,  the 
Tafel  plot  for  the  ORR  is  shown.  A  relative  straight  line  was 
obtained  but  the  slope  was  determined  to  be  —  1 14  mV  dec-1. 
ATafel  slope  of  same  order  of  magnitude  (—95  mV  dec-1)  as 
in  the  current  study  was  obtained  by  Srinivasan  et  al.  [34].  In 
their  work  they  studied  the  ORR  in  a  PEMFC  consisting  of 
electrodes  by  Prototech  (35  mg  Pt  cm-2)  hot-pressed  onto 
Nafion  membranes.  They  suggested  that  the  comparatively 
steep  Tafel  slope  originated  from  the  combined  effects  of 
activation  and  ohmic  control.  This  is  probably  also  true  for 
the  steep  slope  observed  in  this  study. 

3.3.  In  situ  characterization  of  catalyst  layer 
inside  a  PEM-unit  cell 

In  situ  characterization  of  catalyst  layers  inside  a  PEM- 
unit  cell  was  carried  out  with  the  set-up  depicted  in  Fig.  IB. 
At  elevated  temperatures  the  obtained  cyclic  voltammograms 
showed  resistive  features.  This  was  possibly  due  to  insuffi¬ 
cient  humidity  of  the  feeding  gases.  Thus,  the  voltammo¬ 
grams  presented  in  the  following  are  recorded  at  room 
temperature.  Prior  to  the  characterization  experiment  an 
I-U  curve  for  the  unit  cell  was  taken  where  after  the  cell 
was  let  to  cool  down.  The  voltammetric  characterization  was 


Fig.  3.  Pt-based  voltammetry  for  a  half-MEA  in  0.5  M  H2S04  at  10  mV  s  \  (A)  Before  and  (B)  after  CO  cleansing.  CO  was  flushed  for  3  min  through  the 
electrode.  Sweep  rate:  0.010  V  s_1. 
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Fig.  4.  Tafel  plot  for  oxygen  reduction  reaction.  The  test  electrode  presented  in  Fig.  1A  was  used  for  the  determination.  Oxygen  flow  on  the  ink  side: 
4  ml  min-1.  Proton  concentration  on  the  membrane  side:  10  mM. 


made  on  both  sides  of  the  MEA.  The  catalyst  layers  were 
activated  and  cleansed  from  any  organic  impurities  by  five 
potential  excursions  between  0.05  and  1.5  V  at  0.3  V  s-1. 
Then  the  potential  was  swept  between  0.05  and  0.6  V  until  a 
stable  voltammogram  was  obtained.  Fig.  5  shows  examples 
on  voltammograms  for  catalysts  used  in  the  unit  cell.  In 
Fig.  5 A,  the  base  voltammetry  of  a  Pt  the  catalyst  layer  is 
depicted.  The  Pt  content  of  the  membrane  is  0.32  mg  cm-2. 
In  the  potential  interval  between  0.1  and  0.3  V,  some  fine 
structure  of  the  two  hydrogen  desorption  peaks  characteristic 
for  poly  crystalline  Pt  [35,36]  can  be  distinguished.  The  active 
Pt  surface  area  was  determined  to  340  cm2  mg-1  Pt.  A 
membrane  consisting  of  Pt-Ru  (E-TEK)  was  also  character¬ 
ized  inside  the  single  fuel  cell  unit.  The  metal  content  in  the 
membrane  is  0.42  and  0.21  mg  (Pt  and  Ru)  cm-2,  respec¬ 
tively.  The  base  voltammetry  of  the  Pt-Ru  membrane  is  seen 
in  Fig.  5B.  Here  only  a  single  hydrogen  desorption  peak  can 
be  distinguished.  The  voltammetry  resembles  that  of  Pt-Ru 
alloy  electrodes  [39,40].  The  current  in  the  double  layer 
region  is  also  higher  than  when  only  Pt  is  present  in  the 


membrane.  This  indicates  the  formation  of  oxygen  containing 
species  such  as  Ru(II)  oxide/hydroxide  [41]  already  at  these 
potentials.  In  Fig.  5C,  the  base  voltammetry  of  a  MEA 
consisting  of  a  laboratory  made  Pt-Co  (1:1)  catalyst  ink  is 
depicted.  The  metal  alloy  content  is  0.33  mg  cm-2.  Here  a 
well-defined  hydrogen  desorption  peak  between  0.1  and 
0.2  V  can  be  noted.  The  charge  between  0.1  and  0.4  V 
was  determined  to  16.5  mC.  From  this  charge  the  active 
surface  area  for  Pt  in  the  alloy  was  determined  to 
100  cm2  mg-1  Pt.  A  separate  set  of  experiments  was  also 
performed  where  different  amounts  of  Co  were  electroche- 
mically  deposited  onto  an  Au  electrode.  This  was  done  to 
verify  that  Co  does  not  show  any  hydrogen  adsorption  in 
this  potential  interval,  and  the  results  clearly  showed  that 
Co  gives  no  contribution  to  the  hydrogen  region  charge 
measured  from  the  alloy.  The  increasing  current  in  the 
double  layer  region  at  ca.  0.5  V  is  probably  due  to  Co  oxide 
formation.  The  hydrogen  region  charge  between  0.1  and 
0.4  V  was  determined  for  four  ME  As  containing  Pt  inks 
(E-TEK).  The  calculated  values  are  shown  in  Table  1  where 


Table  1 

Measured  charges  and  calculated  shares  of  electroactive  Pt  surface  area  for  MEAs  inside  a  PEM-unit  cell 


MEA 

Mass  density  of  Pt 

Measured  charge 

(C/ cm2)/ (mgPt/ cm2) 

(Area  based  on  charge)/(geometric  area)a 

Side  I 
(mg/cm2) 

Side  II 
(mg/cm2) 

Side  I 
(C/cm2) 

Side  II 
(C/cm2) 

Side  I 
(C/mgPt) 

Side  II 
(C/mgPt) 

Side  I 

(%) 

Side  II 

(%) 

1 

0.1 

0.31 

0.008 

0.023 

0.079 

0.074 

35 

33 

2 

0.11 

0.32 

0.007 

0.022 

0.064 

0.070 

29 

31 

3 

0.17 

0.22 

0.014 

0.083 

37 

4 

0.08 

0.30 

0.005 

0.020 

0.067 

0.066 

30 

29 

The  MEAs  were  prepared  by  spraying  Pt  (E-TEK)  inks  onto  Nafion  115. 
a  Share  of  electroactive  Pt. 
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also  the  Pt  mass  densities  of  the  MEAs  are  given.  The  charges 
per  mass  unit  Pt  were  calculated  from  the  measured  charges 
and  the  mass  densities.  The  last  two  columns  show  the  shares 
of  electroactive  Pt  obtained  by  comparing  the  voltammetri- 
cally  determined  surface  area  with  the  geometric  one. 
The  latter  of  the  two  areas  was  obtained  from  the  mass 
density  and  the  data  of  the  catalyst  ink  supplier  (Pt  specific 
area  112  m2  g_1).  The  specific  area  has  been  calculated  on 
the  basis  of  the  spherical  particle  assumption  and  the 
particle  diameter.  On  this  basis  it  is  evident  from  Table  1 
that  on  the  order  of  30%  of  the  Pt  in  the  catalyst  layers  is 
electroactive.  The  data  in  Table  1  also  indicates  that  the 
active  Pt  surface  areas  are  linearly  dependent  on  the  Pt  mass 
density.  In  order  to  determine  whether  the  electroactive 
surface  area  of  the  Pt  catalyst  inside  the  PEM-unit  cell 
decreases  as  a  function  of  time,  cyclic  voltammograms 
were  recorded  during  150  h  (totally  26  voltammetric  char¬ 
acterizations)  for  one  of  the  MEAs  containing  0.32  mg  Pt 
cm-2.  The  measurements  showed  that  the  Pt  surface  area 
did  not  decrease  notably  during  this  time  period.  During  the 
first  15  h,  it  decreased  about  7%  and  furthermore  approxi¬ 
mately  4%  during  the  next  150  h  where  after  it  reached  a 
steady  state  value. 

4.  Conclusions 

Catalyst  inks,  catalyst  layers  in  both  half-MEAs  and 
inside  a  PEM-unit  cell  has  been  characterized  by  cyclic 
voltammetry.  By  means  of  an  impinging  jet  flow  cell  it  was 
possible  to  characterize  and  modify  Pt/C/Nafion  inks  spin- 
coated  on  Au  substrate.  The  effects  of  the  admetal  mod¬ 
ification  on  the  catalytic  activity  were  further  tested  by 
methanol  oxidation  experiments.  The  obtained  current-time 
curves  showed  that  the  modification  had  a  positive  effect  on 
the  poisoning  rate  of  the  Pt  surface.  The  observations  were 
similar  to  those  obtained  using  modified  Pt-bead  electrodes. 
A  Pt  ink  modified  with  both  Ru  and  Ir  showed  the  highest 
oxidation  rate  among  the  surfaces  tested.  The  impinging  jet 
flow  cell  approach  was  further  combined  with  half-MEA 
testing.  The  test  electrode  presented  in  this  study  worked  as 
expected  with  respect  to  the  effects  of  the  potential  and 
oxygen  flow  rate  at  the  cathode  as  well  as  proton  concen¬ 
tration  on  the  membrane  solution  side.  A  Tafel  slope  of 
—  114  mV  dec-1  was  obtained  when  using  4  ml  min-1  oxy¬ 
gen  flow  and  10  mM  proton  concentration.  The  steep  slope 
was  probably  due  to  the  combined  effects  of  activation  and 
ohmic  control.  In  situ  voltammograms  were  useful  in  asses¬ 
sing  the  electroactive  surface  area  of  catalyst  layers  inside  a 
PEM-unit  cell.  It  must  be  noted,  however,  that  in  order  to 
obtain  comparable  results  the  measurements  have  to  be 
performed  in  an  identical  way,  i.e.  the  membrane  history 
has  to  be  taken  into  account.  Coarsely  30%  of  the  Pt  in  the 
catalyst  layers  proved  to  be  electroactive.  The  Pt  mass 
density  did  not  significantly  affect  the  electroactive  surface 
area  per  mass  unit  catalyst. 
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